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ANALYSIS  OF PLASMAS GENERATED BY FISSION FRAGMENTS 
Jerry E. Deese  and H. A. Hassan 
North  Carolina  State  University 
SUMMARY 
A kinetic  model  is  developed  for a plasma  generated  by  fission  fragments 
and  the  results  are  employed  to  study He plasma  generated in a tube  coated  with 
fissionable  material.  Because  both  the  heavy  particles-and  electrons  play  im- 
portant  roles  in  creating  the  plasma,  their  effects  are  considered  simultaneous- 
ly.  The  calculations  are  carried  out  for a range  of  neutron  fluxes  and  pres- 
sures.  In  general,  the  predictions  of  the  theory  are  in  good  agreement  with 
available  intensity  measurements.  Moreover,  the  theory  predicts  the  experi- 
mentally  measured  inversions.  However,  the  calculated  gain  coefficients  are 
such  that  lasing  is  not  expected  to  take  place  in a h lium  plasma  generated  by 
fission  fragments.  The  effects  of  an  externally  applied  electric  field  are 
also  considered. 
INTRODUCTION 
Increased  interest  in  gas  core  reactors'  and  the  recent  demonstration of 
direct  nuclear  pumping  focused  attention on plasmas  generated  by  the  high 
energy  fission  fragments.  Such  systems  are  rather  complex  and  the  plasma  gen- 
erated  in  them  is,  in  general,  not in thermal  equilibrium.  Therefore,  before 
one  can  predict  their  performance  characteristics,  one  needs  to  develop a de- 
tailed  and  self-consistent  kinetic  model  capable  of  predicting  the  behavior  of 
the  plasmas  generated  in  these  devices. 
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Several  authors  have analyzed the space-dependent  volumetr ic  product ion of 
ions  by  f i ss ion  f ragments  pass ing  through a background gas.  Both Leffert ,  
et a1.6 and Nguyen and Grossman7 d e r i v e d  e x p r e s s i o n s  f o r  t h e  s p a t i a l  d i s t r i b u -  
t ion  of  f i ss ion  f ragment  ion  product ion .  In  both  of  these  ana lyses  an  energy  
independent empirical  value W i s  assumed f o r  t h e  amount of  energy required to  
produce  an  ion  pa i r .  The former  u t i l i zed  both  l inear  and  square  energy- loss  
models fo r  t he  heavy  pa r t i c l e s ,  wh i l e  Nguyen and Grossman used  the  Bohr stop- 
p ing  equa t ion  fo r  f i s s ion  f r agmen t s .  Ra the r  t han  r e ly  on  an  empi r i ca l  cons t an t  
Mi ley  and  Thiess8 '  der ived  an  express ion  for  the  ion iza t ion  and  exc i ta t ion  
rates w h i c h  t a k e s  i n t o  a c c o u n t  t h e  e f f e c t  o f  t h e  e n e r g y  d i s t r i b u t i o n  o f  t h e  i n -  
c i d e n t  p a r t i c l e s .  Such a c a l c u l a t i o n  r e q u i r e s  e s t i m a t i o n  of the  energy  depen- 
den t  c ros s  sec t ions  fo r  exc i t a t ion  and  ion iza t ion  by  heavy  cha rged  pa r t i c l e s .  
A Bethe-Born type r e p r e s e n t a t i o n  w a s  employed f o r  t h e  case of  he l ium exc i ta t ion  
by  a lpha  par t ic les  and  f i ss ion  f ragmentsgy9,  and  later Guyot , et a1.I' employed 
Gryz insk i  c ros s  sec t ions ' '  f o r  he l ium ion iza t ion  by  a lpha  pa r t i c l e s  and  l i t h ium 
ions.  
The c a l c u l a t i o n  o f  t h e  e l e c t r o n  e n e r g y  d i s t r i b u t i o n  f u n c t i o n  i n  electric 
d ischarges  and i n  t h e  a b s e n c e  o f  a high energy volumetric source is  a s tandard 
procedure. However, t h e r e  are only a f e w  a n a l y s e s  o f  d i s t r i b u t i o n s  r e s u l t i n g  
from a f lux  o f  h igh  ene rgy  pa r t i c l e s  where  the re  i s  a high energy volumetric 
e l ec t ron  source .  Ca lcu la t ions  us ing  a Monte Carlo method were car r ied  out  by  
Wang and  Miley12. Later, Lo and  Miley13  used a s impl i f i ed  ve r s ion  o f  t he  
Boltzmann e q u a t i o n  t o  d e t e r m i n e  t h e  e l e c t r o n  e n e r g y  d i s t r i b u t i o n  i n  a helium 
plasna produced by a mono-energetic electron source.  More recently,  Hassan and 
Deese14 presented a more e l a b o r a t e  Boltzmann equation formulation which took 
in to  cons idera t ion  the  pr imary  e lec t ron  spec t rum.  
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I n  g e n e r a l ,  t h e o r e t i c a l  s t u d i e s  of excited state dens i t ies  have  assumed 
t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  t o  b e  a Maxwellian a t  some c h a r a c t e r i s t i c  
temperature .  Russel l15 used such an assumption in  calculat ing exci ted state 
d e n s i t i e s   i n   a r g o n .  Lef f ert , e t  a1 .6 and Rees , et a l .  l6 a l so   s tud ied   nob le   gas  
plasmas assuming t h e  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n  t o  b e  Maxwellian. More re- 
cen t ly  Maceda and Miley17 calculated the number d e n s i t i e s  of the hel ium exci ted 
states us ing  the  non-Maxwellian d i s t r i b u t i o n s  of Lo and .  Mi ley13;  the i r  resu l t s  
i n d i c a t e  a number of poss ib le  invers ions .  
In  add i t ion  to  the  above  ana lyses ,  t he re  ex i s t s  a number of experimental 
i nves t iga t ions  dea l ing  wi th  nuc lea r  pumped lasers and laser enhancement. Work 
ca r r i ed  ou t  be fo re  1972 i s  summarized i n  r e f e r e n c e  18 while  a summary of t h e  
nuc lear  laser e f f o r t  a t  the  Univers i ty  of I l l ino is  a long  wi th  an  exhaus t ive  
list of references on v i r t u a l l y  e v e r y  a s p e c t  of radiat ion produced noble  gas  
plasmas is inc luded  in  the  work  of Thiess”. Of p a r t i c u l a r  i n t e r e s t  h e r e  are 
exper iments  s tudying  ind iv idua l  a tomic  t rans i t ions  a t  var ious  pressures  and ad- 
d i t ive  concent ra t ions  under  f i ss ion  f ragment  exc i ta t ion .  The earliest study of 
f i ss ion  f ragment  exc i ted  spec t ra  is that of Morse, e t  a1 .20 who examined t h e  
e f f e c t s  of f i s s ion  f r agmen t  r ad ia t ion  on He ,  A r ,  N2,  and a i r .  Guyot21  measured 
the production of helium metastables by B (n ,a)  f iss ion fragments ,  while  
Walters22 measured t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  v a r i o u s  t r a n s i t i o n s  i n  b o t h  
helium and argon. 
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A s  a r e s u l t  of t h e  numerous research  e f for t s  ou t l ined  above ,  ac tua l  nuc lear  
pumped l a s ing  has  ju s t  r ecen t ly  been  r epor t ed  by  seve ra l  au tho r s .  McArthur  and 
To l l e f s rud  r epor t ed  l a s ing  ac t ion  in  ca rbon  monoxide as a r e s u l t  of nuc lear  ex- 
c i t a t i o n  o n l y .  Helmick, e t  a1.3 demonstrated direct  nuclear  pumping i n  He-Xe 
gas mixtures.  A t h i r d  case of d i r e c t  n u c l e a r  pumped l a s i n g  is t h a t  of DeYoung 
2 
4 
3 
i n  a neon-nitrogen mixture. Al of the  above  lasers employed tubes coated with 
f i s s i o n a b l e  material. The  work  of J a l u f k a ,  et al. employed a volume  source  of 
f i s s i o n  fragments; t h e  He(n,P) H r e a c t i o n  was  employed t o  excite a 3He-Ar 
laser. Obviously the nuclear  pumped gas  laser r e s e a r c h  e f f o r t  is s t i l l  i n  its 
3 3 
ear ly  s tages  wi th  the  va l id i ty  of  the  concept  having  been  demonst ra ted  only  re- 
cen t   l y .  
The o b j e c t  o f  t h i s  i n v e s t i g a t i o n  is the development of a t h e o r e t i c a l  model 
f o r  a plasma generated by high energy fission fragments.  The k i n e t i c  model 
treats p a r t i c l e s  i n  d i f f e r e n t  quantum states as d i f f e ren t  spec ie s  and  uses  the  
mul t i f lu id  conserva t ion  equat ions  of  mass, momentum and  ene rgy  to  desc r ibe  the  
resu l t ing  sys tem.  It t akes  in to  cons ide ra t ion  the  fo l lowing  k ine t i c  p rocesses :  
ion iza t ion ,  exc i ta t ion  and  deexci ta t ion ,  rad ia t ive  recombina t ion ,  spontaneous  
emis s ion ,  a s soc ia t ive  ion iza t ion  and  d i s soc ia t ive  and  co l l i s iona l  r ecombina t ion .  
Because  both  the  heavy par t ic les  and  e lec t rons  p lay  impor tan t  ro les  in  c rea t ing  
t h e  p l a s m a ,  t h e i r  e f f e c t s  are considered simultaneously.  The rates of  react ions 
invo lv ing  e l ec t rons  were c a l c u l a t e d  u s i n g  e l e c t r o n  d i s t r i b u t i o n  f u n c t i o n s  ob- 
tained from a so lu t ion  of  a Boltzmann equa t ion  appropr i a t e  fo r  p l a smas  gene ra t ed  
by f i s s ion   f r agmen t s  . 14 
The above model is employed to  s tudy  a hel ium plasma generated by f iss ion 
fragments.  Helium w a s  chosen because of  the avai labi l i ty  of  experimental ly  
measured  cross   sect ions and rates and in-reactor  measurements . In   gene ra l ,  
t h e  r e s u l t s  show good agreement  with  experiment.  Moreover,  they  indicate a 
22 
number of  poss ib le  laser t r a n s i t i o n s ;  a l l  of them, however, are i n  t h e  I R  re- 
gion. 
4 
ANALYTICAL  FORMULATION 
The  systems  to  be  modeled  here  are  those  appropriate  for  nuclear  pumped 
lasers.  Typically,  they  consist  of  tubes  coated  with  fissionable  material  and 
filled  with  gas  at  some  given  pressure  and  temperature.  The  tube  is  placed in 
the  high  neutron  flux  region  of  a  reactor.  Under  neutron  bombardment  fission 
fragments  emerge  from  the  coating  and  enter  the  gas.  The  ensuing  energy  trans- 
fer  results  in  ionization  and  excitation  of  the  background  gas. A schematic  of 
the  slab  geometry  employed  in  this  analysis  is  shown  in  figure 1. 
Treating  particles  in  different  excited  states  as  different  species  one 
can  utilize  the  multifluid  conservation  equations to describe  the  plasma  gen- 
erated  by  the  fission  fragments.  For  the  conditions  under  consideration,  the 
steady  state  approximation  is  appropriate.  In  this  approximation,  the  effects 
of  gradients  are  assumed  negligible.  Thus,  the  conservation  of  species  equa- 
t ions , 
reduces,  as  a  result of this  approximation,  to 
I + R s = O  . 
S (2) 
In  the  above  equations, s is  a  charged  particle  or  any  quantum  state  of  the 
background  gas  and,  for  species s, n  is  the  number  density, U is  the  velocity 
and I and R are  the  production  rates  per  unit  volume  resulting  from  nuclear 
and  kinetic  sources,  respectively. 
+- 
S S 
S S 
For  very low Mach  numbers  the  momentum  equation  reduces  to 
p 2. const. 
where p is  the  pressure,  while  the  energy  equation  takes  the  form 
pi = Q  ( 4 )  
5 
where Pi i s  t h e  power input and Q i s  the  conduct ion  and  rad ia t ion  losses .  For  
an  op t i ca l ly  th in  h igh ly  conduc t ing  gas ,  equa t ion  ( 4 )  r educes  to  
T E T  i (5) 
where T is t h e  i n i t i a l  g a s  t e m p e r a t u r e .  i 
The p r o p e r t i e s  o f  t h e  e l e c t r o n s  are determined from an electron Boltzmann 
equat ion.  The equat ion employed i s  tha t   deve loped   i n   r e f e rence  14. For   the  
h igh  p res su res  o f  i n t e re s t  t he  p l a smas  gene ra t ed  by  the  f i s s ion  f r agmen t s  are 
s l ight ly   ionized.   Therefore ,   us ing  the  Lorentz   gas   approximation,   the   resul t -  
i n g  Boltzmann equa t ion  fo r  a quasi-steady plasma can be writ ten as 14 
v a  v a f o  eEi afo eE i a 2 v afo  - "(-" 
3 axi v axi mvo av + -  -) +-- [v (- " +2 av v0 axi 
0 3mv 
eEi a f o  - m l  a kT afo  2 
mv 0 av M v2  av bo" (vfo+ y =&"I + -)I +"- 
where 
v is  t h e  v e l o c i t y ,  e is  t h e  electric charge,  m i s  t h e  e l e c t r o n i c  mass, M i s  t h e  
mass o f  t he  heavy  pa r t i c l e s ,  N is  t h e  g a s  number d e n s i t y ,  v0 is  t h e  c o l l i s i o n  
frequency,   1/2 mvs i s  t h e  e x c i t a t i o n  e n e r g y ,  Q is t h e  e x c i t a t i o n  c r o s s  sec- 
t i on  and  ( a fo / a t )  is t h e  s o u r c e  term result ing from primary and secondary ion- 
i z a t i o n  and  recombination. An e x p l i c i t   e x p r e s s i o n   f o r   ( a f o / a t )   t o g e t h e r   w i t h  
t h e  method of  solut ion of  equat ion ( 6 )  is g i v e n  i n  r e f e r e n c e  14. 
2 
S 
C 
C 
The q u a n t i t i e s  I and R must be determined before  the above system of  
S S 
equat ions   can   be   so lved   for   the   var ious   spec ies   p resent .  To determine I and 
S 
6 
Rs, one  needs  to  spec i fy  the  impor tan t  k ine t ic  processes  in  the  sys tem.  The 
major  react ions included here ,  which are appropr i a t e  fo r  nob le  gases ,  are 
1. Fiss ion   f ragment   exc i ta t ion  
f f  + x -+ x. + f f  
J 
2. F iss ion   f ragment   ion iza t ion  
f f + x - + x + + e + f f  
3 .  Spontaneous  emission 
x.  -+ x. + hv 
1 J  
4 .  Ion iza t ion  and recombination 
x i + e $ x + + e + e  
5. E lec t ron   exc i t a t ion  and de-exc i ta t ion  
X i + e z X j + e  
6 .  Radiative  recombination 
+ 
X + e + X + h v  
7. E x c i t a t i o n   t r a n s f e r  
8. Dissociat ive  recombinat ion 
X 2 + e + X i + X  + 
9. Col l is ional   recombinat ion 
x + x + x + x 2  + + 
10. Assoc ia t ive   i on iza t ion  
x + x i - + x 2 +  + 
+ x  
e 
7 
I 
11. Elec t ron   s tab i l ized   recombina t ion  
X + e + e - + X i + X + e  + 2 
12.   Neut ra l   s tab i l ized   recombina t ion  
X + + ~ + X - + X ~ + X + X  2 
13.   Metastable   ionizat ion 
* 
X + X  + X  + X + e  * +  
14.   Charge  t ransfer  
15 .   Penning   ion iza t ion  
X + M + M  + X + e  
* + 
(8) 
where M r e p r e s e n t s  a substance other  than the background gas ,or  an impuri ty .  
The term I is a r e su l t  o f  r eac t ions  o f  Type 1 and 2 while  R i s  obtained 
S S 
from reactions of Type 3-15. I n  g e n e r a l ,  f o r  a r e a c t i o n  o f  t h e  t y p e  
a A .  + a .  A.  + as As + at At 
5 1  J J  
t h e  c o n t r i b u t i o n  t o  the  product ion  rate of  spec ies  s i s  
a a  
as X nj 
i j  
where a (8 = i, j ,  s,  t )  denotes a s toch iomet r i c  coe f f i c i en t .  The q u a n t i t y  K 
is the forward rate coe f f i c i en t  and  i s  given by 
R 
K = f .  f .  gij aij dVi  dV 
+ +  
1 J  j 
where,  for  species  i, f .  is  the  ene rgy  d i s t r ibu t ion  func t ion ,  V .  is  the  ve loc-  
+ 
1 1 
i t y ,  gij = ]Vi  - V.  1 and oij i s  t h e  c o l l i s i o n  c r o s s  s e c t i o n .  I f  i r e p r e s e n t s  + - +  
J 
t h e  s t a t i o n a r y  background gas and j a f i s s ion  f r agmen t  o r  an  e l ec t ron ,  t hen  
equation (11) reduces to 
8 
The rate c o e f f i c i e n t s  
. = I f .  J CY 
f o r  r e a c t i o n s  
V-. d? . 
J j  
involving the background gas (or gases) 
are usually obtained from experiment.  On t h e  o t h e r  hand reac t ions  involv ing  
the  f i s s ion  f r agmen t s  and  e l ec t rons  can, i n  p r i n c i p l e ,  b e  c a l c u l a t e d  a c c o r d i n g  
to  equat ion (12)  f rom col l is ion cross  sect ions determined from experiment  or  
t h e o r y  a n d  a p p r o p r i a t e  d i s t r i b u t i o n  f u n c t i o n s .  I n  t h i s  work t h e  e l e c t r o n  d i s -  
t r i b u t i o n  f u n c t i o n  is calculated  f rom  equat ion  (6) .   Unfortunately,   the   s i tua-  
t i o n  w i t h  r e g a r d s  t o  f i s s i o n  f r a g m e n t s  i s  n o t  w e l l  unde r s tood ;  t h i s  i s  because 
t h e  f i s s i o n  f r a g m e n t s  are charac te r ized  by  in i t ia l  energ ies  ranging  f rom 50 t o  
115 MeV, i n i t i a l  c h a r g e s  from 16e t o  24e and masses from 70 t o  160 atomic mass 
u n i t s .  I n  a d d i t i o n  no d a t a  is ava i l ab le  on  c ros s  sec t ions  fo r  i on iza t ion  and  
exci ta t ion by f iss ion fragments .  Because of  t h e s e  u n c e r t a i n t i e s ,  t h e  c o n t r i b u -  
t i o n  of t h e  f i s s i o n  f r a g m e n t s  t o  e x c i t a t i o n  a n d  i o n i z a t i o n  w a s  es t imated using 
two d i f f e ren t  approx ima te  me thods .  In  the  f i r s t ,  t he  p rocedure  ou t l ined  in  re- 
fe rence  6 w a s  u sed  to  estimate the  average  energy  depos i ted  in  the  gas  per  un i t  
volume pe r  un i t  time, E f .  The average number of ions produced per unit  volume 
per  unit t i m e  is given by d iv id ing  Ef by W, the  energy  expended pe r  i on  pa i r  
p roduced .  S imi l a r ly ,  t he  to t a l  number of exc i ted  states produced i s  determined 
by d iv id ing  Ef by Way the  energy  expended per  exc i ted  s ta te  produced. Rees,, 
e t  a1.I6 d e t e r m i n e d  t h a t  t h e  t o t a l  e x c i t e d  p a r t i c l e  p r o d u c t i o n  rate from f i s -  
sion fragments is .53 times the  ion  product ion  rate, t h u s  
wex = w/.53 . (13) 
This procedure determines only the t o t a l  number of  exc i ted  states produced by 
f i ss ion  f ragments  and  some model f o r  t h e  d i s t r i b u t i o n  of t h e s e  states must be 
adopted. Because of the absence of a gene ra l ly  accep tedprocedure  fo r  t he  
9 
d i s t r i b u t i o n  o f  e x c i t e d  states a number of models have been employed here and 
t h e s e  are discussed under Results and Discussions.  
The other  approach uses  the procedure of Thiess and Miley', o r  Guyot , e t  
al.", which is  based on a heavy par t ic le  d i s t r ibu t ion  func t ion  der ived  f rom a 
semiempirical slowing l a w  t o g e t h e r  w i t h  i o n i z a t i o n  a n d  e x c i t a t i o n  c r o s s  sec- 
t ions  based  on  the  Born or  the  Gryz inski  approximat ions .  To u t i l i z e  t h i s  p r o -  
cedure  one  needs  to  a s sume  tha t  t he  f i s s ion  f r agmen t s  f a l l  i n to  two groups: a 
l ight  group with an average mass number of 96, an average charge of 20e and an 
average i n i t i a l  energy of 98 MeV; and a heavy group with an average mass number 
of 140, an  average  charge  of  22e  and  an  average  in i t ia l  energy  of  67 MeV. A 
convenient summary of a l l  formulas needed t o  c a l c u l a t e  t h e  c o n t r i b u t i o n  o f  t h e  
f i s s ion  f r agmen t s  t o  ion iza t ion  and  exc i t a t ion  by  the  two methods outlined 
above i s  g iven  in  r e fe rence  10. 
RESULTS AND DISCUSSION 
The above model i s  a p p l i e d  t o  a s tudy of H e  plasma generated by f i s s i o n  
f ragments  and  the  resu l t s  are compared with the measurements of Walters2* who 
employed a tube  of  rad ius  1 .85  cm coated with U308. To conform t o  t h e  c o n d i -  
t i o n s  of the  expe r imen t ,  t he  ca l cu la t ions  a l low fo r  t he  p re sence  o f  a n i t rogen  
impuri ty  in  the system. For  a g iven  pressure ,  t empera ture ,  neut ron  f lux  and  
tube dimensions, tbe above model i s  capab le  o f  p red ic t ing  the  number d e n s i t i e s  
of  the  he l ium exc i ted  states, the  a tomic  and-molecular  ions  and  the  e lec t rons .  
From t h i s ,  o n e  c a n  c a l c u l a t e  t h e  relative i n t e n s i t i e s  and  ga in  coef f ic ien ts .  
For  the  ca lcu la t ions  presented  here ,  the  gas  tempera ture  i s  assumed cons tan t  a t  
.300°K, w h i l e  the  pressure  ranges  f rom 100-760 Torr (1 Tors = 133 N/m2), t h e  
10 
neutron flux from 3 . 8  x 10l1 - 10l6 neutrons/cm?sec.  and the  n i t rogen  con- 
c e n t r a t i o n  from .001 t o  50 pa r t s  pe r  mi l l i on .  
A l l  hel ium exci ted states with a p r i n c i p a l  quantum number of 5 o r  less are 
i n c l u d e d  i n  t h e  c a l c u l a t i o n s .  The rates o r  c r o s s  s e c t i o n s  f o r  t h e  r e a c t i o n s  of 
Types 3 th rough 15  ind ica ted  in  equat ion  (8) were obtained from references 23- 
54 whi le  Eins te in  coef f ic ien ts  for  spontaneous  emiss ion  were taken from refer- 
ences 55 and 56. A l i s t i n g  o f  t h e  r e a c t i o n s  i n c l u d e d  i n  t h e  a n a l y s i s  w i t h  re- 
f e r e n c e s  t o  c r o s s  s e c t i o n  and ra te  da ta  is g i v e n  i n  Appendix A. Because t h e  
experimental  data  is incomplete  the products  or  the rates of some reac t ions  had 
to  be  e s t ima ted  and these  are discussed next .  
A t  the  high pressures  of  interest  here  the recombinat ion process  in  noble  
gases  is complicated by the formation of  molecular  ions.  For  pressures  greater  
than  5 Tor r  t he  r eac t ion  
H e  + 2 H e  -+ He2 + H e  + + 
quickly converts  a tomic ions into molecular  ionsz3. The molecular ion recom- 
b ina t ion  is  governed by th ree  r eac t ions  24,25 
e + He+ -+ H e  + H e  * 2 
e + e + H e l + H e + H e + e  * 
e + H e  + He; 3 2 He + H e  * (15) 
* 
where H e  denotes  an exci ted state. The d i s t r i b u t i o n  of excited states produced 
by these  r eac t ions  i s  not w e l l  known. However, r ecen t  ~ t u d i e s ~ ~ - ~ ~  i n d i c a t e  
t h a t  a t  least 70% of  the  exc i ted  states produced are a tomic  me tas t ab le s  in  the  
pressure  range  of  in te res t  here .  Al though poten t ia l  energy  curves  ind ica te  
o ther  states such as t h e  2 P states are produced in  molecular  ion  3 
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rec~rnbination~~, it is  assumed  that He in the  reactions  indicated  in  equation 
(15)  are  atomic  metastables. 
* 
Rates  for  associative  ionization  are  available  for  atomic  states  of  prin- 
cipal  quantum  number 3 and  triplet  states  of  principal  quantum  number 4 ,  refer- 
ences  26,  28-30.  Cross  sections  for  the  excitation  transfer  reactions  are 
available  for n = 2 and n = 3 but  only  for  the  triplet  states  when n = 4 ,  re- 
ference  26.  Because  these  processes  are  important  in  the  determination  of  the 
final  distribution  of  excited  states  some  estimate  of  the  unavailable  rates  is 
required. It is  assumed  here  that  the  associative  ionization  rates  for n = 5 
states  are  the  same  as  the  corresponding n = 4 states  while  the  associative 
'ionization  cross  sections  for  the n  Fstates  are  assumed  equal  to  those  for  the 
n b  states.  Moreover,  three  calculations  were  carried  out  in  which  the  cross 
sections  for  associative  ionization  and  excitation  transfer  reactions  of  the 
triplet n = 4 states  were  assumed  to  be  one-third  of,  equal  to,  and  three  times 
the  corresponding  singlet  reaction  cross  sections.  Comparison  of  calculated 
and  measured  excited  states  showed  that  better  agreement  with  experiment  is  ob- 
tained  when Q ( 4 5 )  5 Q ( 4  X). Therefore,  unless  indicated  otherwise,  all  calcu- 
lations  reported  here  employ  this  assumption. 
i 
3 
As indicated  earlier,  when a 'W' value  is  used to estimate  the  total  num- . 
ber  of  excited  states  further  assumptions  are  needed  to  indicate  which  states 
are  excited.  From a study  of  the  spectra  of  noble  gases  generated  by  the  im- 
pact  of  alpha  particles,  Bennett58  suggested  that  most  of  the  excited  states  in 
He  are n P states  with  the  majority  of  them in the 2 5  state.  His  conclusion 
was  based  on  the  fact  that  calculated  excitation  cross  sections,  based  on  the 
Born  approximation,  are  highest  for  the n%' states.  This  assumption  is  con- 
trasted  with  that  of  Guyot"  where he assumed  that  most  of  the  excited  atoms 
1 
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r e su l t i ng  f rom the  impac t  o f  a lpha  pa r t i c l e s  are i n   t h e  2 S state and these are 
conver t ed  to  the  2 S states by electron impact .  Calculat ions using both of t h e  
above models were c a r r i e d  o u t ;  f o r  t h e s e  c a l c u l a t i o n s  a value of  Wex = 85 ev 
was employed. 
1 
3 
Comparison of t h e  r e s u l t s  w i t h  t h e  e x p e r i m e n t s  of WaltersP2 r e q u i r e s  t h a t  
t h e  e f f e c t  o f  a n i t rogen  contaminant  be  taken  in to  cons idera t ion .  The gas used 
in  the  exper iment  conta ined  a nitrogen contaminant of approximately 50 p a r t s  
per  mi l l ion .  The e f f e c t  o f  t h e  p r e s s u r e  on t h e  number d e n s i t i e s  o f  t h e  elec- 
t rons  and  the  two metastable  states i s  g i v e n  i n  f i g u r e  2 wh i l e  f igu re  3 shows 
t h e  e f f e c t  of p r e s s u r e  on several of t he  h ighe r  states with and without a 50 
par t s  per  mi l l ion  n i t rogen  contaminant .  For  these  f igures ,  the  neut ron  f lux  is 
3.8 x 10" neutrons/cm.sec.  Consider ing pure hel ium f i rs t  , it  i s  s e e n  t h a t  t h e  
e l e c t r o n  number dens i ty  decreases  as the  p re s su re  inc reases .  Th i s  is because 
t h e  dominant helium recombination process is the  neut ra l  s tab i l ized  recombina-  
t i o n  of the  molecular  ion  and  th i s  proce ' ss  becomes more e f f i c i e n t  as the  p re s -  
su re  inc reases .  The  dominant  processes  governing  the  excited states number 
d e n s i t i e s  are e lec t ron  exc i ta t ion  f rom the  ground s ta te  and the  metas tab le  
2 
state  2 S, e x c i t a t i o n  t r a n s f e r ,  a s s o c i a t i v e  i o n i z a t i o n  and spontaneous emission. 
As t h e  p r e s s u r e  i n c r e a s e s ,  t h e  d e c r e a s e  i n  t h e  e l e c t r o n  d e n s i t y  c o u p l e d  w i t h  
3 
t he  inc reased  e f f ec t iveness  o f  t he  a s soc ia t ive  ion iza t ion  and  exc i t a t ion  t r ans -  
f e r  r e s u l t s  i n  t h e  d e c r e a s e  of t h e  e x c i t e d  states shown i n  f i g u r e  3 . -  Only t h e  
2 S and 2% states show an  inc rease  as t h e  p r e s s u r e  i n c r e a s e s ;  t h e  r a p i d  recom- 
b i n a t i o n  r e s u l t i n g  f r o m  t h e  las t  r eac t ion  in  equa t ion  (15 )  accoun t s  fo r  t he  2 S 
behavior.  
3 
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A s  is  seen  f rom f igures  2 and 3, the  e f fec t  o f  n i t rogen  on  the  var ious  spe-  
cies i s  q u i t e  s i g n i f i c a n t .  Both the hel ium molecular  ion and the  metas tab les  
1 3  
are qu ick ly  conve r t ed  to  n i t rogen  ions  whose dominant recombination process is 
d issoc ia t ive  recombina t ion .  This  no t  on ly  lowers  the  concent ra t ions  of  the  H e  
ions  and  metas tab les  but  changes  the  e lec t ron  number d e n s i t y  v a r i a t i o n  w i t h  
p r e s s u r e  as w e l l .  When n i t r o g e n  is present the dominant recombination process 
is t h e  two-body d issoc ia t ive  recombina t ion .  This  process  does  not  become  more 
e f f i c i e n t  as pressure  increases  and  as a r e s u l t  t h e  e l e c t r o n  number dens i ty  in -  
creases wi th  an  inc rease  in  p re s su re .  Thus ,  t he  ne t  effect  of  ni t rogen is  two- 
f o l d :  i t  lowers  the  number dens i ty  of  e lec t rons  and  metas tab les  making elec- 
t ron  exc i ta t ion  f rom metas tab le  states less important and, it changes the num- 
ber  densi ty  dependence on pressure.  A s  a r e s u l t  o f  t h i s ,  o n e  would expect a 
s i g n i f i c a n t  e f f e c t  o n  t h e  h i g h e r  e x c i t e d  states as w e l l .  Because  the  e lec t ron  
number dens i ty  inc reases  wi th  p re s su re  the  e l ec t ron  exc i t a t ion  rates i n c r e a s e  
with pressure.  Thus,  as i s  s e e n  i n  f i g u r e  3 ,  t h e  marked dec rease  in  exc i t ed  
s ta te  popula t ion  wi th  pressure  in  the case of pure helium is  not  as pronounced 
when n i t rogen  is present .  The f i g u r e  a l s o  shows tha t  the  magni tudes  of t h e  
number dens i t i e s  dec rease  wi th  p re s su re .  
The r e s u l t s  i n d i c a t e d  i n  f i g u r e  3 do n o t  e x h i b i t  the peak around 200 Torr 
shown i n  f i g u r e  4-9 of   reference  17.  Both Walters2’ and  Thiess”  suggest   that  
t h e  a s s o c i a t i v e  i o n i z a t i o n  p r o c e s s  may be a three-body process of the form 
He + 2 H e  -f He2 + H e  * + 
rather t h a n  t h e  two-body process  
H e  + H e  -f He2 + e * + (17) 
assumed here. I f   t h i s   p r o c e s s  
will inc rease  wi th  p re s su re .  
i s  indeed three-body i n  n a t u r e  i t s  e f f e c t i v e n e s s  
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A s tudy  o f  t he  va r i a t ion  o f  t he  number d e n s i t i e s  w i t h  n e u t r o n  f l u x  f o r  t h e  
case of a pure helium gas a t  100 Tor r  has  a l so  been  ca r r i ed  ou t .  The behavior 
of t he  e l ec t rons  and  me tas t ab le s  i s  g i v e n  i n  f i g u r e  4 and t h a t  o f  some h igher  
states i s  shown i n  f i g u r e  5. The number d e n s i t i e s  o f  t h e  h i g h e r  states in- 
crease l i n e a r l y  w i t h  the f l u x  a t  lower  neut ron  f lux  levels. A s  t h e  e l e c t r o n  
number dens i ty  increases ,  the  e lec t ron  s tab i l ized  three-body recombina t ion  be- 
comes important.  Thus,  population densit ies highly dependent on electron ex- 
c i t a t i o n  rates do no t  i nc rease  as r a p i d l y  a t  h i g h e r  f l u x  levels. 
Because the ni t rogen contaminant  has  a s i g n i f i c a n t  e f f e c t  o n  t h e  number 
d e n s i t i e s ,  a determinat ion.of  the concentrat ion range where i ts  e f f e c t  becomes 
i n s i g n i f i c a n t  is  o f  i n t e r e s t .  F i g u r e  6 shows a p l o t  of t he  e l ec t ron  and  meta- 
s t a b l e  number d e n s i t i e s  vs. ni t rogen concentrat ion at 100 Torr and a neutron 
f lux  o f  3 . 8  x 10" neutrons/cm.sec. A s  i s  s e e n  f r o m  t h e  f i g u r e ,  t h e  e f f e c t  o f  2 
ni t rogen  is  negl ig ib le  be low a concentrat ion of  10 . -8 
A l l  of t he  above  r e su l t s  a s sume  the  2 P state to  be  the  on ly  exc i t ed  state 1 
produced by f iss ion fragments .  Calculat ions using the procedure of  reference 
9,  t h e  TM model,  have also been carried out.  Boltzmann p l o t s  showing log  
XI/giA = log[hcni/4~gi],  where X is t h e  wave length ,  I i s  t h e  i n t e n s i t y ,  A is 
E i n s t e i n ' s  t r a n s i t i o n  p r o b a b i l i t y ,  g i s  the degeneracy, h i s  Planck 's  constant  
and c i s  the speed  of  l igh t ,  vs. the  energy of  the upper  level, fo r  p re s -  
i 
, 
sures  of  100 and 760 Torr  are g i v e n  i n  f i g u r e s  7 and 8 f o r  t h e  2% model and i n  
f i g u r e s  9 and  10 f o r  t h e  TM model. E r r o r  b a r s  i n  t h e s e  g r a p h s  i n d i c a t e  t h e  
s p r e a d  i n  Walters' experimental  data .  Using the TM model, t h e  t r i p l e t  states 
are considerably  underpopulated relative t o  t h e  s i n g l e t  states. Because 
Walters found the t r i p l e t  states t o  b e  of t h e  same order of magnitude for states 
wi th  n = 3,  it appea r s  t ha t  the 2 P model is more appropr ia te .  1 
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A s  is seen from f igure 7,  the 2 P model g i v e s  good agreement with experi- 1 
ment a t  100 Torr ;  the  only  d iscrepancy  be ing  the  n D states which are overpopu- 
l a t e d  compared with the experimental  measurements.  A t  760 Torr  the agreement  
3 
of  the  2 P model with experiment i s  n o t  as good as a t  100 Torr.  A l l  t r i p l e t  
states excep t  t he  3 S are p red ic t ed  to  have  a popula t ion  grea te r  than  exper i -  
mentally measured values.  This could be due to an improper pressure dependence 
f o r  a s s o c i a t i v e  i o n i z a t i o n  as discussed earlier. I n  g e n e r a l ,  s i n g l e t  states 
have much h igher  emiss ion  coef f ic ien ts  and  as a r e s u l t ,  c a s c a d e  l o s s e s  p l a y  a 
l a r g e r  r o l e  i n  t h e  s i n g l e t  s y s t e m .  The t r i p l e t  s y s t e m  o n  t h e  o f h e r  hand i s  
I 
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predominant ly  governed  by  assoc ia t ive  ion iza t ion  and  exc i ta t ion  t ransfer  pro-  
cesses and these have a greater dependence on pressure.  Thus,  i t  is expected 
t h a t   t r i p l e t  states number d e n s i t i e s  w i l l  decrease more r ap id ly  wi th  p re s su re .  
Calcu la t ions  have  a l so  been  car r ied  out  assuming f i ss ion  f ragments  produce  only  
2 S states. However, f o r  t h i s  case t h e  2 S number d e n s i t y  i s  h igher  than  the  
2 S number d e n s i t y  a n d  t h i s  i s  not  in  agreement  with avai lable  experiments  . 
1 1 
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When studying pure helium, two population inversions have been found 
throughout  the  en t i re  range  of  pressures ,  neut ron  f luxes  and  f i ss ion  f ragment  
exci ta t ion models  examined' on t h e  3 P - 3% (95 .76~)  and  4 P - 4 D (216y) 
l i n e s  22y59 .  I n  a d d i t i o n ,  f o r  p r e s s u r e s  less than  200 Torr  and neutron f luxes 
less than  neutrons/cm.sec.   the TM model pred ic t s   an   invers ion   of   the  3 S - 
2lP  l ine  (7281 i) . The e x p r e s s i o n  f o r  t h e  g a i n  c o e f f i c i e n t  is  g i v e n  i n  Appen- 
1 1 1 
2 1 
d i x  B. The ga in  coef f ic ien ts  toge ther  wi th  o ther  invers ions ,  opera t ing  condi -  
t i o n s  and fission fragment models employed are summarized i n  T a b l e  1. The ad- 
d i t i o n  of t he  n i t rogen  d id  no t  change  the  above  r e su l t s .  However, t h e  g a i n  co- 
e f f i c i e n t s  are s l igh t ly  decreased  because  of  grea te r  depopula t ion  of  exc i ted  
levels. 
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TABLE 1 GAIN COEFFICIENTS 
Trans i t ion  
1 
3 P - 3 D  1 
3 P - 3 D  
1  1 
1 1 
3 P - 3 D  
3lP - 3% 
3 P - 3 D  
1 1 
4 P - 4 D  1 1 
4 P - 4 D  1 1 
4lP - 4% 
4lP - 4% 
4lP - 4% 
4 D - 43P 3 
3 s - 2 P  1  1 
Wavelength 
95.76 1.I 
95.76 1.1 
95.76 p 
95.76 1.1 
95.76 1.1 
216 1.1 
216 1.1 
216 1.1 
216 1.1 
216 p 
43.94 1.I 
7281 
Exci ta t ion  
Model 
2lP 
2lP 
2% 
2% 
TM 
2lP 
2lP 
2lP 
2lP 
TM 
2lP 
TM 
Pressure 
Torr 
100 
760 
100 
760 
760 
100 
760 
100 
7 60 
760 
100 
100 
Neutron 
Flux 
3.8 x 10 11 
3.8 x 10 11 
1.0 x 10 16 
3.8 x 10 11 
3.8 x 10 11 
3.8 x 10 11 
3.8 x 10 11 
1.0 x 10 16 
3.8 x l o l l '  
3.8 x 10 11 
1.0 x 10 16 
3.8 x 10 11 
nN2'q: 
0.0 
0.0 
0.0 
5 x 
0.0 
0.0 
0.0 
0.0 
5 x 
0.0 
0.0 
0.0 
Gain 
Coeff ic ient  
0.28 x 
0.14 x 10'~ 
0.76 x 
0.42 x 
0.15 x 
0.12 x 
0.24 x 
0.16 x 
0.14 x 
0.11 x 10-l0 
0.20 x 
0.24 x 
Figures  7-10 show only states o f  p r i n c i p a l  quantum number f o u r  o r  less; 
t h e s e  states were t h e  o n l y  states considered i n  the  de te rmina t ion  of  the  inver -  
s i o n s  p r e s e n t .  E x c i t a t i o n  t r a n s f e r  c r o s s  s e c t i o n s  are n o t  a v a i l a b l e  f o r  t h e  
n = 5 states and as a r e s u l t  t h e s e  states are overpopulated.  The importance of 
these  reac t ions  can  be  seen  by  per forming  ca lcu la t ions  where  these  reac t ions  
are neg lec t ed  fo r  a l l  states. The Boltzmann p l o t  f o r  s u c h  a case is shown i n  
f i g u r e  11. Comparing f i g u r e s  7 and 11, i t  is  c l e a r  t h a t  e x c i t a t i o n  t r a n s f e r  
p lays  an  impor tan t  ro le  in  de te rmining  the  relative populat ion of  exci ted 
states and  consequently,   the  presence  of  inversion. S i m i l a r  conclusions  hold 
when one assumes 
as i s  seen from comparing f igures  7 and 1 2 .  
Calcu la t ions  have  a l so  been  car r ied  out  i n  the  p re sence  o f  an  ex te rna l ly  
appl ied  electric f i e l d  o f  1 0  V / c m  and t h e  r e s u l t s  are shown i n  f i g u r e  1 3 .  F o r  
t h i s  c a l c u l a t i o n  t h e  p r e s s u r e  i s  100 Tor r ,  t he  neu t ron  f lux  is 3.8 x 10 neu- 
trons/cm.sec.  and  the  background  gas is  pure helium. A s  i s  seen  f rom the  f igure  
t h e  n P - n lD inve r s ions  p re sen t  i n  the  absence  o f  an  e l ec t r i c  f i e ld  d i sappea r  
and a new invers ion  4 D - 4 P (43 .94~)  appea r s .  The g a i n  c o e f f i c i e n t  f o r  t h i s  
t r a n s i t i o n  is  7.5 x w h i c h   r e f l e c t s   t h e   l a r g e   i n c r e a s e   i n   t h e   t r a n s f e r   o f  
e l e c t r o n  e n e r g y  t o  t h e  e x c i t e d  states14. It s h o u l d  b e  n o t e d  t h a t  t h i s  r e s u l t  
11 
2 
1 
3 3 
i s  fo r  t he  pa r t i cu la r  cond i t ions  spec i f i ed  above  and  no  a t t empt  has  been  made 
t o  s t u d y  s y s t e m a t i c a l l y  t h e  e f f e c t  o f  a n  e x t e r n a l l y  a p p l i e d  electric f i e l d  o n  a 
nuclear  pumped laser. 
Recent ly ,   Ja lufka ,  et a l .  demonstrated a volumetric  nuclear-pumped laser 
using %e(n,P) H r e a c t i o n  t o  e x c i t e  a 3He - A r  laser. The  method presented 3 
18 
h e r e  c a n ,  w i t h  s l i g h t  m o d i f i c a t i o n  b e  u s e d  t o  a n a l y z e  t h i s  new  mode of nuclear 
pumping. 
CONCLUDING REMARKS 
Considering the incompleteness of ava i l ab le  c ros s  sec t ions ,  t he  p red ic t ions  
o f  t he  model are in  good agreement  with avai lable  relative i n t e n s i t y  measure- 
ments and measured inversions. However,  more complete rate da ta  a reneeded  for  
t h e  a c c u r a t e  p r e d i c t i o n s  o f  o t h e r  p o s s i b l e  i n v e r s i o n s  i n v o l v i n g  t h e  h i g h e r  
states. The c a l c u l a t e d  g a i n  c o e f f i c i e n t s  are so  small tha t ,  because  of c a v i t y  
l o s s e s ,  l a s i n g  is not  expected to  occur  in  hel ium. Thus,  hel ium is not  a good 
cand ida te  fo r  a nuc lear  pumped laser. The r e s u l t s  a l s o  s u g g e s t  t h e  d e s i r a b i l -  
i t y  o f  s t u d y i n g  t h e  e f f e c t s  o f  a n  e x t e r n a l l y  a p p l i e d  e l e c t r i c  f i e l d  o n  n u c l e a r  
pumped lasers. 
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APPENDIX A 
REACTIONS INCLUDED I N  TKE ANALYSIS 
A l i s t i n g  of t h e  r e a c t i o n s  i n c l u d e d  i n  t h e  a n a l y s i s  w i t h  r e f e r e n c e s  t o  
c ros s  sec t ions  and  rate d a t a  is given  below. I f  a re ference  is  not  ind ica ted  
t h e n  t h e  r e a c t i o n  i s  t r e a t e d  i n  t h e  manner outlined under Results and Discus- 
s ion .  The p r inc ip l e s  o f  mic roscop ic  r eve r s ib i l i t y  and  de ta i l ed  ba l anc ing  are 
used,  where appropriate ,  to  relate forward and backward cross sections and 
rates, r e s p e c t i v e l y .  
REACTION 
Type 3: Xi + X + hv 
j 
(1) H e + e z H e + e + e  + 
Type 5: X i + e z X j + e  
(2) He + e 2 He(2 S) + e 1 
(3) He + e 2 He(3 S) + e 1 
(4) H e  + e 2 HeT4 S )  + e 1 
(5) H e  + e 2 He(5 S) + e 1 
(6) H e  + e 2 He(2 P) + e 
(7) H e  + e 2 He(3 P) + e 
1 
1 
(8) H e  + e 2 He(4 P) + e 1 
(9) H e  + e He(5 P)  + e 1 
(10) H e  + e 2 He(3 D) + e 1 
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55,56 
Type 4: X i +  e Z X + +  e + e  
31 
32,33,34,35 
36 
36 , 37 
36 , 37 
38 
36 , 37 
36.37 
37 , 39 
36 , 37 
(11) H e  f e 2  He(4h) + e 
(12) He + e $  H e ( 5  1D -I- e 
(13) He + e 2 H e ( 4  F) + e 
(14) He + e 3 He(5 F) + e 
(15) H e  f e 3 H e ( 2  SI + e 
(16) H e  -E e 2 He(3 S )  + e 
(17) He + e 2 H e ( 4  SI f e 
(18) H e  + e 2 He(5 S) + @ 
(19)  He + e 2 H e ( 2  PI f e 
1 
1 
3 
3 
3 
3 
3 
He + e 2 He(3’P) + e 
Be + e 3: He(4 P) + e 
He + e f H e ( 5  P> +- e 
He f e 2 He(.3 D) $. e 
H e  + e 2 He(4 D) f e 
H e  4- e 2 H e ( 5  D) f e 
He + e 3 Re(4 F) + e 
H e  f e f He(5 F) e 
He(2 S )  + e 2 H e ( 2  S )  -t e 
He(2 S) + e 2 He(3l.S) f e 
He(23S) + e P He(4 SI + e 
He(2 S )  4- e p He(5 S) + e 
3 
3 
3 
3 
3 
3 
3 
3 1 
3 
1 
3 1 
36,37 
36,37 
40 
40 
32,33,34 
36 
36,37 
36 
38 
36 , 37 
36 
39 
36,37 
36,37 
36 
40 
40 
41 
40 
40 
40 
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He(23S) + e $  He(2 P) + e 
He(23S) + e t: He(3'P) + e 
He(2 S) + e $  He(4 P) + e 
He(2 S) + e z  He(5 P) + e 
1 
3 1 
3 1 
He(2 S) + e $  He(3 D) + e 
He(23S) + e $  He(4 D) + e 
He(Z3S) + e f He(5b) + e 
He(23S) + e $ He(4'F) + e 
He(z3S) + e $ He(5 F) + e 
He(23S). + e $ He(33S) + e 
He(z3S) + e $ He(43S) + e 
~ ~ ( 2 ~ s )  + e f ~ e ( 5  S) + e 
He(23S) + e f He(z3P) + e 
He(z3S) + e f He(33P) + e 
He(Z3S) + e $ He(43P) + e 
He(z3S) + e $ He(53P) 4- e 
3 1 
1 
1 
3 
He(2 S) + e f H e ( 3  D) + e 
He(2 S)  + e He(4 D)  + e 
3 3 
3 3 
He(2 S) + e $ He(5 D) f e 3 3 
He(2 S) + e 2 He(4 F) + e 3 3 
He(2 S) + e 2 He(5 F) + e 3 3 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
40 
42 
40 
40 
40 
40 
40 
40 
40 
40 
22 
(53) He(23P) + e 2 He(2lP) + e 
(54) He(2 S) + e He(2'P) + e 1 
(55) He(3'S) + e 2 He(3lP) + e 
(56)  He(3lS) + e 2  He(3b)  + e 
(57) He(33S) + e * ,He(33P) + e 
(58) He(33S) + e $ H e  (33D) -t- e 
(59) He(3 P) + e 2 He(3 D) + e 
(60) He(33P) + e He(3 D) + e 
1 1 
3 
Type 6: X + e -+ X + hV + 
(61) HZ + e + H e  + 24.586 ev 
Type  7: X. + X z s + X  
J 
(62) He(3$) f H e  2 He(3 S) + H e  1 
(63) He(33P) + H e  2 He(3 S I  + H e  3 
(65) H ~ ( ? J ~ P )  + H e  2 He(  3 D) + H e  3 
( 6 6 )  He(3  S) + He He(2 P) + He 3 3 
(67) He(3 S) + H e  2 He(2  P) + H e  1 1 
(68) He(43S) + H e  H e ( 3  S) + H e  
(69) He(43S) + H e  2 He(33P) + He 
(70) He(43S) f He He(33D) + H e  
3 
(71) He(43P) + H e  % He(3  S) + He 3 
42 
42 
30,43 
30,43 
30,43 
30,43 
30,43 
30,43 
44,45 
30 43 
26,30,43 
30,43 
26 30,43 
26 
26 
26 
26 
26 
26 
23 
He(43P)  + H e   H e ( 3  P) + H e  3 
H e ( 4  P) + H e   H e ( 3  D) + H e  
He(43D) + H e  2 H e ( 3  S) + H e  
He(43D) + H e  2 He(33P)  + H e  
3 3 
3 
H e ( 4  D) + H e  2 H e ( 3  D) + H e  
H e ( 4  F) + H e  z He(33S)  + H e  
He(43F)  + H e  2 H e ( 3  P) + H e  
He(43F)  + H e  2 H e ( 3  D) + H e  
He(4'P) + H e  2 He(4'' 3F) + H e  
He(5'P) + H e   H e ( 5 l y 3 F )  + H e  
3  3 
3 
3 
3 
H e ( 2  S) + H e  2 H e ( 1  S) + H e  
He(4'S) + H e   H e ( 3  S) + H e  
1 1 
1 
H e ( 4  S) + H e  z H e ( 3  P)  + H e  
He(4'S) + H e  2 H e ( 3 h )  + H e  
1 1 
H e ( 4  P)  + H e  .: H e ( 3  S) + H e  
H e ( 4 l P )  + H e  2 H e ( 3 5 )  + H e  
He(4'P) + H e  z H e ( 3 5 )  + H e  
1 1 
(89) He(4'D) + H e   H e ( 3 l S )  + H e  
(90) H e ( 4  D) + H e  z H e ( 3  P) + H e  
(91) H e ( 4 5 )  + H e  2 H e ( 3 5 )  + H e  
1 1 
(92) H e ( 4  F) + H e  2 H e ( 3  S) + H e  1 1 
24 
26 
26 
26 
26 
26 
46,47 
46,47 
48 
I 
(93) He(4 F) + H e  2 He(3h) + H e  1 
(94) He(4lF) + H e  2 H e ( 3  D) + H e  1 
Type 8: X2 + e 2 Xi + X + 
(95) He; + e + He(2 S) + H e  3 
(96) He; + e 3 He(2 S) + He 1 
Type  9: X + X + X -f X; + X + 
(97) H e  + 2 H e  + He; + H e  + 23 
Type 10: Xi + X + X;  + e 
(98) H e ( 3  S) + H e  -f He2 + e 1 + 
(99) H e ( 3  P )  + H e  + He; + e 1 
(100) H e ( 3  D) + H e  + He; + e 1 
(101) He( 3 S)  + H e  -f He; + e 3 
(102) H e ( 3  P )  + He + He; + e 3 
(103) H e ( 3  D) + H e  + He; + e 3 
(104)  He(4 S) + H e  + He; + e 1 
(105) He(4 P) + H e  + He; + e 1 
(106)  He(4 D) + H e  -f He; + e 1 
25,26,27 
25,26,27 
28,29,30 
28,29,30 
28,29,30 
26,28,29,30 
26,28,29,30 
26,28,29,30 
(107)  He(4  F) + . H e  + He; + e 1 
25 
I 
(108) He(4 S) + H e  -+ He; + e 3 
(109) He(43P) + H e  -+ He; e 
(110)  He(4 D) + H e  -+ He; + e 3 
(111) H e  (43F) + H e  + He; + e 
(112)  He(5 S) + H e  -+ He; + e 1 
(113)  He(5  P) + H e  -+ He2 + e 1 + 
(114) He(5 D)  + H e  +. He2  + e 1 + 
(115)  He(5 F) + H e  + He; + e 1 
(116) He(5 S) + H e  +. He; + e 3 
(117)  He(5 P) + H e  + He; + e 3 
(118)  He(5 D) -I- H e  + He; + e 3 
(119)  He(5 F) + H e  + He2  + e 3 + 
T y p e l l :  X 2 + e + e + X  + X + e  
+ 
i 
(120) He; + e + e + He(2 S) + H e ( 1  S) + e 1 1 
(121) He2  + e + e -+ He(2 S) + H e ( 1  S) + e + 3 1 
Type 12: X + e + e + Xi + X + e + 2 
(122) He; + e + H e  -+ He(2 S) + He + H e  1 
(123) He: + e + H e  -+ He(2 S) + H e  + H e  
26 
3 
26 
26 
26 
49 
24,25 
24,25 
24,25 
24 .. 25 
Type13 :  X + X  +-X + X + e  
* * +  
(124)  He(2lS) + He(2lS) + He+ + H e  + e 40,41 
(125)  He(2lS) + He(23S) +- He+ + H e  + e 40,41 
(126) He(23S) + He(23S) +- He+ + H e  + e 27,41,50 
When n i t rogen  i s  p resen t  t he  fo l lowing  r eac t ions  are included:  
Type 4 :  X +  e z X + +  e +  e 
(127) N2 + e z N; + e + e 
Type  8: X2 + e + X + X  + 
(128) N2 + e N + N + 
Type 14: X + N 2  + N + X + + 2 
(129) H e  + N 2  z N2 + H e  + + 
(130) He; + N 2  2 N i  + H e  + H e  
Type 15: X + N2 +- N; + X + e * 
(131) He(2 S) + N2 -+ N; + H e  + e 1 
(132) He(2 S) + N2 +- N i  + H e  + e 3 
39 
51 
52 
53 
54 
54 
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APPENDIX B 
GAIN  COEFFICIEXT 
The  possible  lasing  transitions  in  atomic  helium  involve  electronic  state 
transitions.  The  gain  coefficient  for 
level  n  is 
transition  from  upper  level  m to lower 
where G(v) is  the  shape  factor,  N  and N the  number  densities  of  states  m  and 
n, gm and gn are  their  degeneracies, Am is  the  Einstein  coefficient  of  spon- 
taneous  emission  from  level  m  to  level n, and v is  the  frequency  of  the  transi- 
t ion. 
m  n 
The  shape  factor  is  affected  by  two  processes,  Doppler  and  pressure  broad- 
ening.  In  general,  for  pressures  greater  than 30 Torr,  pressure  broadening  is 
dominant.  Thus,  Doppler  broadening  is  neglected  in  this  analysis.  For  pres- 
sure  broadening  the  shape  factor G(v) is  given  by 
,7 
G(v) = L 
Tr It vst 
where 
2 Ts Tt 1 / 2  
vSt 3 = - [2k (m + ~ 1 1  Zst  nt . 
S t 
In  equation (B3), s represents  the  lasing  gas  and t represents  other  gases  pre- 
sent  in  the  system.  When  summing  on t in  equation (B2), t can  be  equal  to s .  
The  quantities Z can  be  calculated  from  the  Lennard-Jones  potential st 
parameters  of  the  colliding  molecules 60-62 
28 
dst = 
S 
* * 
Tst = 
The q u a n t i t y  Q ( 2 y 2 )  (T) i s  obtained from the empi r i ca l  cu rve  f i t  63 
Q(2 2, (T) = + 0.52487  exp  [-0.7732 TI + 
TO. 14874 
2.16178  exp [-2.43787 T I  - 
6.435 x 10 -4 T0.14874 s i n  (18*0323 - 7.27371). TO. 7683 
The required parameters  for  hel ium are 60,64 
ds = 2.576 x c m  
E = 10.22 OK 
* 
S 
I = 24.586 ev . * 
S 
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Figure 1. Slab  approx-imation of cyl.indr:ical  geometry. 
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